The estrogen receptor (ER) is an important regulator of growth and differentiation of breast epithelium. Transactivation by ER depends on a leucine-rich motif, which constitutes a ligand-regulated binding site for steroid receptor coactivators (SRCs). Cyclin D1 is frequently amplified in breast cancer and can activate ER through direct binding. We show here that cyclin D1 also interacts in a ligand-independent fashion with coactivators of the SRC-1 family through a motif that resembles the leucine-rich coactivator binding motif of nuclear receptors. By acting as a bridging factor between ER and SRCs, cyclin D1 can recruit SRC-family coactivators to ER in the absence of ligand. A cyclin D1 mutant that binds to ER but fails to recruit coactivators preferentially interferes with ER activation in breast cancer cells that have high levels of cyclin D1. These data support that cyclin D1 contributes significantly to ER activation in breast cancers in which the protein is overexpressed. Our present results reveal a novel route of coactivator recruitment to ER and establish a direct role for cyclin D1 in regulation of transcription.
The estrogen receptor (ER) belongs to the steroid/nuclear receptor family of ligand-regulated transcription factors. Members of this superfamily display a modular structure with six distinct functional regions (termed A-F), which includes domains for DNA binding, ligand binding, and transcriptional activation. Like other members of the nuclear hormone receptor superfamily, ER harbors two transcriptional activation functions (AFs) that act synergistically in transactivation (Kumar et al. 1987; Tzukerman et al. 1994) . Transcriptional activation is mediated by means of the autonomous activation function (AF-1) in the amino-terminal A/B domain and the ligand-dependent activation function (AF-2) in the carboxy-terminal hormone-binding domain (Evans 1988 ; Kumar and Chambon 1988; Beato 1989) . These two regions flank the DNA-binding domain of the receptor. On ligand binding, ER binds to estrogen-responsive elements, which results in activation of specific ER target genes (Beato 1989) .
It is generally thought that nuclear receptors stimulate transcription through direct binding to several of the basal transcription factors, thereby enhancing the formation of a stable transcription pre-initiation complex (Mitchell and Tjian 1989) . This notion is supported by in vitro protein-binding studies that demonstrated that several steroid receptors interact directly with components of the basal transcriptional apparatus, including the TATA-box-binding protein TBP (Sadovsky et al. 1995) , TFIIB (Ing et al. 1992; Baniahmad et al. 1993) , and human TAF II 30 (Jacq et al. 1994) . Several lines of evidence, however, suggest that efficient transactivation requires additional, positively acting factors termed coactivators (Pugh and Tjian 1990) . Several candidate steroid receptor coactivators (SRCs) have been identified. The first coactivator identified based on its ability to interact with the progesterone receptor was SRC-1 (Onate et al. 1995; Yao et al. 1996) . This protein is the founding member of a family of related SRCs that include TIF-2/GRIP-1 (Voegel et al. 1996; Hong et al. 1997 ) and AIB-1/ACTR/RAC-3/p/CIP (Anzick et al. 1997; Chen et al. 1997; Li et al. 1997; Torchia et al. 1997) . Several functional domains are highly conserved in all members of this family. For instance, the amino-terminal regions contain basic helix-loop-helix (bHLH) and Per-ARNT-Sim (PAS) domains. Both motifs are thought to be involved in protein-protein interactions and DNA-protein interactions (Yao et al. 1996) . Interestingly, the bHLH-PAS domain is dispensable for SRC-1 activity, including receptor interaction and receptor activation (Onate et al. 1995; Yao et al. 1996) . In addition, all SRCs contain multiple LxxLL motifs (L is leucine; x is any amino acid) in the central region of the protein. These motifs were shown recently to be involved in nuclear receptor interaction (Le Douarin et al. 1996; Heery et al. 1997; Torchia et al. 1997) . Besides ER, SRC-1 also interacts with another coactivator of steroid receptors, CBP/p300, and both types of coactivators act synergistically to enhance ER transactivation (Chakravarti et al. 1996; Hanstein et al. 1996; Kamei et al. 1996; Smith et al. 1996; Yao et al. 1996; Chen et al. 1997) . Both coactivators of the SRC-1 family and the p300/CBP family have intrinsic histone acetyl transferase (HAT) activity, which is widely believed to be involved in chromatin remodeling during transcriptional activation (Ogryzko et al. 1996; Jenster et al. 1997; Spencer et al. 1997) .
Transactivation by steroid/nuclear receptors involves the well-conserved AF-2 domain located in helix 12 of the carboxyl terminus of the receptors. It has been demonstrated that helix 12 harbors a leucine-rich motif that constitutes a ligand-regulated binding site for coactivators, like SRC-1 (Danielian et al. 1992; Le Douarin et al. 1995; Voegel et al. 1996; vom Baur et al. 1996) . Consequently, transactivation by nuclear receptors is dramatically reduced in receptors that contain mutations in helix 12 (Danielian et al. 1992; White et al. 1997) . The leucine-rich motif in helix 12 of nuclear receptors is involved in binding to the LxxLL motifs of the steroid receptor coactivators (Le Douarin et al. 1996; Heery et al. 1997) .
Cyclin D1 is induced in response to mitogenic stimulation of quiescent cells and acts as an activator of CDK4 and CDK6. These cyclin D1/CDK complexes are key regulators of progression through the G 1 phase of the cell cycle and are involved in functional inactivation of the retinoblastoma family proteins (for review, see Beijersbergen and Bernards 1996) . cyclin D1 is amplified or overexpressed in a number of human malignancies, the most prominent being breast cancer, in which up to 50% of all cases have elevated levels of cyclin D1 (Schuuring et al. 1992a,b; Buckley et al. 1993; van Diest et al. 1997) . The relevance of cyclin D1 overexpression is underscored by the finding that tissue-specific transgenic expression of cyclin D1 in mice results in mammary hyperplasia and adenocarcinoma (Wang et al. 1994) .
Furthermore, cyclin D1 knockout mice show a marked defect in breast epithelium development during pregnancy and cyclin D1 reduces mitogen requirement of breast cancer cell lines (Musgrove et al. 1994; Fantl et al. 1995; Sicinski et al. 1995; Zwijsen et al. 1996) . cyclin D1 is overexpressed preferentially in ER-positive breast cancers, suggesting that cyclin D1 derives (part of) its oncogenic activity in breast cancer by acting on ER (Gillett et al. 1996; van Diest et al. 1997) . We and others have recently made a connection between ER and cyclin D1 by showing that cyclin D1 can interact directly with the ligand-binding domain of ER and can stimulate ER transactivation in a ligand-independent and CDK-independent fashion (Neuman et al. 1997; Zwijsen et al. 1997) . In this study, we describe an unexpected relationship between cyclin D1 and SRCs that places cyclin D1 at the center of a complex transcription regulatory network of nuclear hormone receptors and their coactivators.
Results

ER and cyclin D1 share a coactivator binding motif
To study how cyclin D1 activates ER, cyclin D1 deletion mutants were tested for their effect on ER transactivation. Cos-7 cells were transfected with cyclin D1 mutants, together with ER and a luciferase reporter gene construct driven by a minimal TATA promoter linked to an estrogen response element (ERE). Figure 1A shows that an amino-terminal deletion mutant of cyclin D1 (D1, amino acids 91-295) was still able to activate ER, whereas two carboxy-terminal deletion mutants of cyclin D1 (D1, amino acids 1-202; D1, amino acids 1-247) lack ER transactivation capacity. A cyclin D1 mutant lacking the extreme carboxyl terminus (D1, amino acids 1-267) partially retained ER activation. Together, these data indicate that the domain required for ER activation is located in the carboxy-terminal 48 amino acids of cyclin D1. This part of the protein is not involved in CDK interaction and is poorly conserved among the different cyclins. Alignment of sequences in this part of cyclin D1 with ER revealed that a motif that resembles the highly conserved leucine-rich coactivator binding motif in AF-2 of ER is present within the domain of cyclin D1 implicated in ER transactivation at the amino acid positions 254-259 (Fig. 1A) . This motif is only partially conserved in cyclins D2 and D3, two cyclins that are far less active in ER transactivation (Neuman et al. 1997; Zwijsen et al. 1997) . To test the relevance of this leucine-rich domain of cyclin D1 in ER activation, a cyclin D1 mutant was constructed in which leucines 254 and 255 were mutated to alanines (D1 L254/255A). This mutation in cyclin D1 is similar to the mutation in ER (ER L543/544A) that interferes with coactivator binding to AF-2 (Danielian et al. 1992) . In contrast to wild-type cyclin D1, the L254/ 255A mutant cyclin D1 was virtually unable to activate wild type ER even though this mutant was equally well expressed and was fully active in other assays (Fig. 1B and see below) . Cyclins D2 and D3, which lack this leucine-rich motif, behaved similar to the D1 L254/255A mutant in ER activation (Fig. 1B) . These data suggest that cyclin D1 can activate ER through an AF-2-like motif.
Activation of AF-2 mutant ERs by cyclin D1
It has been demonstrated that AF-2 mutant ERs are unable to activate transcription, because they cannot recruit SRCs efficiently (Danielian et al. 1992; vom Baur et al. 1996) . To determine the role of the AF-2 domain of ER in cyclin D1-mediated transactivation, a deletion mutant and a point mutant in the ligand-regulated carboxyterminal activation domain (AF-2) of ER were tested in Cos-7 cells. Figure 2 shows that, as reported previously, the activity of these AF-2 mutant ERs reflects background levels (Danielian et al. 1992; vom Baur et al. 1996) . Surprisingly, coexpression of cyclin D1 resulted in a significant activation of the ER AF-2 deletion mutant (ER 1-535) to levels that were up to 40% of ligandactivated wild-type receptor ( Fig. 2A) . Cyclin D1 was also able to induce transcription in the absence of ligand, although this increase was less pronounced. Similarly, ER L543/544A, which harbors a mutation in the leucinerich coactivator-binding site in AF-2 (LLxxxL to AAxxxL), could be activated by cyclin D1 (Fig. 2B) . Comparable results were obtained in ER-negative U2-OS osteosarcoma cells (Fig. 2C,D) , indicating that the effect of cyclin D1 is not cell type-specific. These results indicate that cyclin D1 can mediate activation of ER mutants that are unable to interact with SRCs efficiently.
To ask whether SRCs are involved in the cyclin D1-mediated activation of the mutant ERs, a dominantnegative mutant of SRC-1 (SRC1-DN, encoding amino acids 1245-1441 of SRC-1) was used. This mutant harbors a LxxLL motif, which mediates binding to the leucine-rich coactivator-binding site in ER (Le Douarin et al. 1995; Heery et al. 1997 ) but lacks a transactivation domain Spencer et al. 1997 ). As shown in previous studies (Onate et al. 1995) , this construct served as a dominant inhibitor for endogenous SRC-1 function on wild-type ER (Fig. 3A) . As expected, SRC1-DN inhibited the ability of SRC-1 and of the closely related coactivator TIF2 on ER transactivation (Fig. 3B) , whereas it was inactive on the nonrelated E2F-1 transcription factor (data not shown). Importantly, SRC1-DN markedly repressed the cyclin D1-induced activation of the ER AF-2 mutants (Fig. 3C,D) . These data suggest that the cyclin D1-mediated activation of these mutant ERs somehow requires SRC activity. The cyclin D1 derivatives used in this study are shown at left; (right) the relative capacity of the mutants to potentiate ERE-dependent transcription. ER-negative Cos-7 cells were transfected with expression vectors for wild-type ER (200 ng), cyclin D1, or cyclin D1 mutants (2.5 µg), an internal control ␤-galactosidase plasmid (0.5 µg), and an ERE-TATA-luciferase reporter (3 µg). The effect on ER transactivation of wild-type cyclin D1 was set to 100%. These studies were performed in three separate experiments and expressed as mean values with S.D. < 10 % (data not shown). The alignment of leucine-rich motif of ER with D-type cyclins is shown on the bottom; the leucine-rich motif in cyclin D1 is indicated as a solid box. (B) ER activation by D-type cyclins, cyclin D1 L254/255A point mutant (D1-LALA), and SRC-1 in the presence of ligand. Cos-7 cells were transfected with D-type cyclin expression vectors, cyclin D1 leucine-to-alanine point mutant (D1-LALA), or SRC-1 expression vector together with wild-type ER expression vector, an ERE-TATA-luciferase reporter plasmid, and the internal control ␤-galactosidase construct. Data are expressed as relative luciferase activity compared with basal ERE-luciferase activity of wild-type ER and are normalized for transfection efficiencies. . ␤-Galactosidase served as an internal control. The reporter activity was determined both in the presence (solid bars) and in the absence (open bars) of 10 nM 17␤-estradiol. The relative luciferase activity was calculated by normalizing to the ␤-galactosidase activity. The relative reporter activity of wild-type ER in the presence of ligand was used as a reference and set at 100%. In the absence of transfected ER plasmid, cyclin D1 did not induce transcriptional activity of the reporter (data not shown). At least five separate transfection experiments were performed (expressed as average ±S.D.).
Direct binding of cyclin D1 to SRCs
Because the leucine-rich motifs of nuclear receptors have been shown to recruit SRC family coactivators (Danielian et al. 1992; Heery et al. 1997) , we tested whether cyclin D1 is also able to interact with SRCs through its leucine-rich motif. Cos-7 cells were cotransfected with cyclin D1 and HA-tagged constructs encoding the nuclear receptor coactivators SRC-1, AIB-1, or p300 (Onate et al. 1995; Chakravarti et al. 1996; Hanstein et al. 1996; Kamei et al. 1996; Anzick et al. 1997 ). Immunoprecipitation using antibodies directed against HA-tag and subsequent immunoblot analysis revealed that cyclin D1 coimmunoprecipitated with both SRC-1 and AIB-1, but hardly with p300 (Fig. 4A) . Significantly, the cyclin D1 mutant L254/255A, which failed to activate ER (Fig. 1B) , did not interact with SRC family proteins (Fig.  4A ), even though this mutant was expressed equally and was unaffected in its ability to bind ER (Fig. 4B) and to phosphorylate pRb in cells that lack cyclin D1-associated kinase activity (Fig. 4C) . These data suggest that the AF-2-like leucine-rich motif of cyclin D1 mediates binding to SRC-family proteins.
To test whether the interaction between cyclin D1 and SRC-1 is direct, we used bacterially expressed GST-SRC1 and Escherichia coli-produced 6× histidine-tagged cyclin D1 in an in vitro protein-binding assay. As shown in Figure 5A , His-cyclin D1 binds strongly binds to GST-SRC1 protein, but not to GST alone, indicating that this association is specific and direct. To ask which domain or motif of SRC-1 is involved in cyclin D1 binding, we generated a series of GST-SRC1 deletion mutants. Figure 5A shows that amino acids 568-782 of SRC-1 are required for cyclin D1 binding. Interestingly, this region of SRC-1 harbors three LxxLL motifs, which are involved in binding to nuclear receptors (Le Douarin et al. 1995; Heery et al. 1997; Torchia et al. 1997) . To ask whether the LxxLL motifs of SRC-1 are involved in cyclin D1 binding, a peptide competition experiment was performed. Figure 5B shows that LxxLL peptides, but not a LxxAA mutant peptide, interfered with binding of cyclin D1 to SRC-1. Of the four SRC-1 LxxLL peptides tested, the P3 peptide, which corresponds to the third of the three centrally located LxxLL motifs, was the best competitor. Consistent with previous studies (Heery et al. 1997) , the P2 peptide competed most efficiently the interaction between SRC-1 and ER (Fig. 5C ). These data indicate that the various LxxLL motifs of SRC-1 display specificity for protein interactions.Therefore, SRC-1 uses the LxxLL motifs not only to interact with nuclear receptors (through the P2 motif), but also to bind cyclin D1 (through the P3 motif). Because these LxxLL motifs interact with the leucine-rich motifs on nuclear receptors (Heery et al. 1997; Torchia et al. 1997) , these data are in agreement with our experiments shown in Figure 4A , which suggested a major role for the leucine-rich AF-2-like motif of cyclin D1 in SRC binding. Because both the in vitro and the in vivo association experiments shown above were performed in the absence of 17␤-estradiol, these data also indicate that the cyclin D1/SRC-1 interaction, in contrast to the ER/SRC-1 interaction, is hormone-independent.
Cyclin D1 act as a physical bridge between ER and SRC-1
Cyclin D1 activates the ER in a ligand-independent fashion through direct binding to ER (Neuman et al. 1997; Zwijsen et al. 1997 ). This study demonstrates that cyclin D1, besides ER, also interacts directly with SRC-1 in vivo and in vitro. These data suggest a model in which cyclin D1 can act as a bridging factor between ER and SRC-1, allowing ligand-independent recruitment of co- activators to ER in the presence of cyclin D1. To test this model directly, we used bacterially expressed 6× histidine-tagged cyclin D1, E. coli-produced GST-SRC1, and baculovirus-produced ER in an in vitro GST pull-down assay. Protein binding to GST-SRC1 was identified by Western blotting analysis using monoclonal antibodies directed against cyclin D1 and ER. GST protein served as a control for binding specificity. In agreement with several earlier studies, we found that ER binds to GST-SRC1 in a ligand-dependent manner in vitro (Cavailles et al. 1994) (Fig. 6A) . Significantly, cyclin D1 could also recruit ER to GST-SRC1 in the absence of ligand (Fig.  6A ). These data indicate that cyclin D1 can cause ER activation by acting as a ligand-independent adapter molecule between ER and its coactivator SRC-1.
To test whether a ternary complex can also be formed when ER is bound to its cognate DNA-binding site (the ERE), we performed a similar ternary complex assay with purified proteins as described above, with the modification that the ternary complex was pulled down with ERE oligonucleotides coupled to paramagnetic beads. Figure  6B shows that ER binds to ERE in the presence of ligand (lanes 3-6), but also in the absence of ligand when cyclin D1 is present (lanes 8 and 10) . Therefore, cyclin D1 allows ligand-independent DNA binding of ER to its ERE. More importantly, this assay clearly shows that a ternary complex consisting of ER, cyclin D1, and ER can be formed on DNA both in the presence and in the absence of 17␤-estradiol (Fig. 6B, lanes 6 and 10) . These data suggest that cyclin D1 is a bridging factor between ER and SRC-1 also when ER is bound to DNA.
The role of cyclin D1 in ER activation in breast cancer
To get more insight in the role of cyclin D1 in ER transactivation in breast cancers with elevated levels of cyclin D1, we tested the effect of the mutant cyclin D1 L254/ 255A on ER activation in two different breast cancer cell lines. This cyclin D1 mutant does bind to ER (Fig. 4B ) but fails both to interact with SRC-1 (Fig. 4A ) and consequently fails to activate ER (Fig. 1B) . When co-expressed with wild-type cyclin D1, the mutant cyclin D1 L254/255A inhibited the cyclin D1-mediated activation of ER in both T47D and in MCF-7 breast cancer cells (Fig. 7A) . Therefore, this mutant acts as a dominant negative in cyclin D1-mediated ER transactivation. We tested the effect of this cyclin D1 mutant on ER activation in two breast cancer cells that contain endogenous wild-type ER but differ in their cyclin D1 protein levels (Fig. 7B) . In T47D, which contains relative low levels of cyclin D1, co-expression of this cyclin D1 mutant resulted in a slight inhibition of ER activity. In contrast, in MCF-7, which contains relative high levels of cyclin D1 (Fig. 7B) , the cyclin D1 mutant inhibited ഛ50% of ER activity. Therefore, this dominant-negative cyclin D1 mutant preferentially interferes with ER activation in breast cancer cells that have high levels of cyclin D1 protein. These data strongly support the notion that el- HA-tagged SRC-1, AIB-1, or p300 cDNA expression vectors were introduced into Cos-7 cells together with control plasmid (−), plasmids directing the synthesis of wild-type cyclin D1, or D1 L254/255A mutant (D1-LALA), as indicated. Lanes 1 and 2 contain total lysate of cells (5% of amount used in IP) transfected with cyclin D1 and cyclin D1-LALA, respectively. 12CA5 HA antibodies were used for immunoprecipitation of whole-cell extracts prepared from these cells and coimmunoprecipitation of cyclin D1 (mutants) was examined by Western blot analysis using anti-cyclin D1 antibody. Note that wild-type cyclin D1, but not the leucine-to-alanine mutant D1-LALA, coimmunoprecipitates with SRC-1 and AIB-1, whereas binding of both wild-type cyclin D1 and D1-LALA mutant to p300 was hardly detectable. (B) Binding of cyclin D1 and cyclin D1 L254/255A mutant to ER. Cos-7 cells were transfected with ER expression vector, cyclin D1 (mutant), and/or control plasmids. Monoclonal ER antibodies were used for immunoprecipitation of ER of whole-cell extracts prepared from these cells and coimmunoprecipitation of cyclin D1 (mutant) was examined by Western blot analysis using monoclonal cyclin D1 antibodies. (C) Activity of cyclin D1 and D1 L254/255A mutant in phosphorylation of pRb in Rb −/− 3T3 cells. Cells were transfected with pRb expression vector, cyclin D1 (mutant), and/or control plasmids and were maintained in low serum conditions. After 40 hr, cells were lysed and proteins were separated by low-percentage polyacrylamide gel electrophoresis. Differentially phosphorylated species of pRb were detected by Western blotting using the polyclonal pRb antibody (C15, Santa Cruz). evated cyclin D1 protein levels in breast cancer contribute significantly to ER activation.
Discussion
This study indicates that cyclin D1 can act as a bridging factor between ER and SRCs, which allows the formation of a transcriptionally active ternary complex in the absence of ligand (Fig. 8) . It is generally thought that coactivator recruitment by nuclear receptors results from a ligand-induced conformational change in the AF-2 domain of the receptor (Renaud et al. 1995; Brzozowski et al. 1997 ). Our present data for the first time show an alternative route of coactivator recruitment to ER that can take place in the absence of ligand. As such, these data reveal a novel mechanism of ER activation and establish a direct role for cyclin D1 in regulation of transcription.
Our work led to the identification of a novel functional domain in the carboxyl terminus of cyclin D1 that mediates direct binding to SRCs like SRC-1 and AIB-1. This leucine-rich motif of cyclin D1 is very similar in character to the ligand-regulated SRC-binding motif that is present in helix 12 of ER and in many other nuclear receptors. Several lines of experimental evidence indicate that the leucine-rich motif of cyclin D1 is required for coactivator recruitment to ER and subsequent activation of ER. First, cyclin D1 interacts directly with SRC-1 both in vivo and in vitro and introduction of two point mutations in this motif of cyclin D1 abolishes SRC-1 interaction and prevents ER activation by cyclin D1 (Figs. 1 and 4) . Second, cyclins D2 and D3 have only a partial conservation of the leucine-rich motif and are hardly active in ER activation (Neuman et al. 1997; Zwijsen et al. 1997 ). Third, a dominant-negative mutant of SRC-1 prevents cyclin D1 activation of ER, indicating that SRCs are required for cyclin D1-mediated activation of ER (Fig. 3) . Fourth, in in vitro binding studies, cyclin D1 could recruit ER to SRC-1 in the absence of ligand (Fig. 6 ). Together these data suggest a model in which cyclin D1 can recruit SRCs to ER, which results in a transcriptionally productive interaction between ER and its coactivators.
The functional similarity between the leucine-rich motifs of cyclin D1 and ER is also supported by structural analysis. Even though a crystal structure of cyclin D1 is not available at present, the crystal structures of cyclins A and H have been solved (Jeffrey et al. 1995; Andersen et al. 1997) . Alignment of the sequence of cyclin D1 with cyclin A and comparison with the structures of cyclins A and H indicates that the leucine-rich motif in the carboxyl terminus of cyclin D1 aligns at the carboxyl terminus of helix 5Ј of cyclins A and H. Importantly, the PHD program indicates that this part of cyclin D1 has a >90% probability to be ␣-helical and is markedly amphipathic (Rost and Sander 1993) . Because the leucine-rich coactivator binding motif of ER is also an amphipathic helix, it is possible that the leucine-rich motifs of cyclin D1 and ER are capable of making similar protein interactions with SRCs.
Consistent with the notion that cyclin D1 and ER have a similar coactivator interaction surface, we found that binding of cyclin D1 to SRC-1 also requires the highly conserved LxxLL motifs in SRC-1 (Fig. 5 ). These motifs were recently shown to mediate binding to the leucine-rich coactivator binding site in the amphipathic helix 12 of ER (Le Douarin et al. 1995; Heery et al. 1997; Torchia et al. 1997 ). Significantly, depending on the pattern of splicing, SRC-1 has three or four LxxLL motifs, three of which are in close proximity (Kalkhoven et al. 1998) . In principle, this could allow simultaneous interaction of SRC-1 with the leucine-rich motifs of both ER and cyclin D1. Consistent with this, we observed that a peptide that spans the third LxxLL motif of SRC-1 competed most efficiently the binding between cyclin D1 and SRC-1, whereas the second LxxLL motif of SRC-1 is the preferred site of interaction for ER ( Fig. 5C ; Heery et al. 1997; Kalkhoven et al. 1998) . Based on these observations, we propose that in the absence of ligand, expression of cyclin D1 provides a single interaction site for coactivators on the cyclin D1/ER complex as both binding of cyclin D1 to ER and binding of cyclin D1 to SRC-1 is ligand-independent. This provides a rationale for the ligand-independent activation of ER in the presence of high levels of cyclin D1 (Zwijsen et al. 1997) . After ligand binding of ER, the leucine-rich domain in AF-2 is exposed, which constitutes a second binding site for SRCs. The presence of two SRC-1 binding sites on the liganded cyclin D1/ER complex provides a rationale for the observed synergism between estradiol and cyclin D1 in ER activation ( Fig. 8 ; Zwijsen et al. 1997) .
The model represented in Figure 8 does not take into account that binding of cyclin D1 to ER also allows ligand-independent DNA binding by ER in vitro and in vivo ( Fig. 6B ; Zwijsen et al. 1997) . Therefore, cyclin D1 can not only stimulate coactivator recruitment to ER but also act to enhance DNA binding of ER. Therefore, the synergistic action between cyclin D1 and ligand in ER activation may also be attributable, in part, to synergistic induction of ER DNA binding ( Fig. 2 ; Zwijsen et al. 1997) .
This study showed that cyclin D1 can bind to SRC-1 and AIB-1 but not to p300 (Fig. 4A) . Therefore, cyclin D1 can discriminate between the different coactivator families. Apparently, a LxxLL motif (present in both SRCs and p300) is required for cyclin D1 binding, but flanking Figure 6 . Cyclin D1 mediates ligand-independent recruitment of SRC-1 to ER. (A) Ligand-independent in vitro binding of SRC-1, ER, and cyclin D1. The purified proteins GST-SRC1, Histagged cyclin D1, and baculovirus-produced ER were tested for in vitro binding in a GST pull-down assay. GST protein served as negative control. Cyclin D1 and ER were incubated with GST-SRC1 in the presence or absence of 1 µM 17␤-estradiol and binding was detected by Western blot analysis using anti-cyclin D1 and anti-ER monoclonal antibodies. Lane 1 represents 10% of the input for cyclin D1 and 20% of input of ER proteins. (B) Cyclin D1 and SRC-1 can interact with DNA-bound ER. Oligonucleotide-containing ER binding sequence was biotin 5Ј-end labeled and bound to paramagnetic particles coated with streptavidin. Purified GST-SRC1, baculovirus-produced ER, and Histagged cyclin D1 proteins were tested for DNA binding using these ERE-containing beads and analyzed by Western blotting using antibodies directed against GST, ER, and cyclin D1, respectively.
regions contribute to binding specificity (see also Fig.  5B ). The finding that cyclin D1 interacts with at least two members of the SRC family, SRC-1 and AIB-1, would allow, in principle, for promiscuous activation of steroid receptors by cyclin D1. Cyclin D1, however, does not activate the progesterone receptor, nor a number of other steroid hormone receptors (Zwijsen et al. 1997; R.M.L. Zwijsen and R. Bernards, unpubl.) . It is likely that the ability of cyclin D1 to interact with ER directly contributes to the specificity of nuclear receptor activation by cyclin D1.
To date, interaction between nuclear receptors and steroid receptor coactivators like SRC-1 has not been detected in vivo in the absence of overexpression. This is probably the result of the low affinity of the hydrophobic interactions between the leucine-rich motifs in both proteins and the short half-life of the SRC family proteins. This may also explain why a cyclin D1/SRC-1 complex is not readily detectable in the absence of transient overexpression.
Cyclin D1 is an important regulator of growth and differentiation of breast epithelium (Musgrove et al. 1994; Wang et al. 1994; Fantl et al. 1995; Sicinski et al. 1995; Zwijsen et al. 1996; van Diest et al. 1997 ). Significantly, both the genes encoding cyclin D1 and the SRC AIB-1 are amplified or overexpressed frequently in breast cancer (Schuuring et al. 1992b; Buckley et al. 1993; Gillett et al. 1994; Anzick et al. 1997; van Diest et al. 1997) . Because this study indicates that both cyclin D1 and SRCs are components of a multimeric complex involved in ER-mediated transcription, it is conceivable that overexpression of limiting factors in this complex results in deregulation of ER-mediated growth. In agreement with this, we found that a mutant of cyclin D1 that can bind to ER but fails to recruit coactivators acted as a domi- Figure 8 . Model for cyclin D1-mediated ER transactivation. In the absence of ligand, ER is unable to interact with SRCs directly as its leucine-rich coactivator interaction motif is sterically unavailable for interaction. Ligand-independent binding of cyclin D1 to ER provides a single leucine-rich interaction motif for SRCs which is present in the carboxyl terminus of cyclin D1. This results in partial activation of ER (left). Subsequent ligand binding of ER induces a conformational change in ER that also exposes the leucine-rich motif in AF-2 of ER for SRC interaction, allowing higher affinity binding of SRCs to the liganded D1/ER complex (right). The observed synergism between estradiol and cyclin D1 in ER activation results from their cooperative recruitment of SRCs to the D1/ER complex. The protein interaction motifs are shown in italics. . The ER-containing T47D and MCF-7 breast cancer cells were maintained in 17␤-estradiol-enriched medium with 10% fetal calf serum after cotransfection with cyclin D1 (1.5 µg) in the presence and absence of the cyclin D1 L254/255A mutant (cyclin D1-LALA, 1.5 µg), together with an EREreporter gene for testing its effect on ER activation. ER transactivation in the absence of coexpression of cyclin D1 was set at 100%. (B). Cyclin D1-LALA inhibits ER activation preferentially in cyclin D1-overexpressing breast cancer cells. T47D and MCF-7 breast cancer cells were maintained in 17␤-estradiol-enriched medium with 10% fetal calf serum and transfected with increasing amounts of cyclin D1-LALA expression vector. ER activity was measured by cotransfection with the ERE-reporter plasmid. Transactivation in the absence of co-expression of the cyclin D1-LALA was set at 100%. (Right) The expression levels of endogenous cyclin D1 in both breast tumor cell lines compared with ␣-tubulin, which served as an internal control. nant-negative mutant for ER activation primarily in breast cancer cells with elevated levels of cyclin D1 (Fig.  7) . Therefore, cyclin D1 is likely to contribute significantly to ER activation in breast cancers in which the protein is overexpressed. An important question that we wish to address next is how much of the oncogenic activity of cyclin D1 in breast cancer is mediated through the 'classical' cdk4 route and how much through ER activation. The availability of specific mutants of cyclin D1 in which these activities can be separated should allow us to assess the contribution of each of these two activities of cyclin D1 to mammary carcinogenesis separately.
Materials and methods
Cell culture and transient transfection assays
Cos-7 cells and U2-OS cells were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum. Twenty-four hours before transfection, cells were maintained in DMEM without phenol red containing 5% charcoal-treated fetal bovine serum (FBS). Cells were transfected with 3 µg of ERE-TATA-luciferase expression vector, 500 ng of ␤-galactosidase expression vector (internal control), 200 ng of ER expression plasmid and 2.5 µg of cyclin D1, coactivators and/or empty vectors as indicated. After 16 hr, cells were rinsed in PBS and re-fed with fresh medium and ligand (10 nM 17␤-estradiol) or vehicle was added. One day later, cells were harvested and assayed for luciferase and ␤-galactosidase activities. ␤-Galactosidase activity was used to correct for differences in transfection efficiency.
Immunoprecipitation and Western blotting
Cells were lysed in ELB containing 250 mM NaCl, 0.1% NP-40, 50 mM HEPES at pH 7.0, 5 mM EDTA, and protease inhibitors. The cell lysate was precleared three times with 5 µl of normal mouse serum coupled to protein A-Sepharose beads. For immunoprecipitations, the supernatant was incubated with 100 µl of 12CA5 hybridoma supernatant or 10 µl of monoclonal antibody to the ER (TE111.5D11, Neomarkers), which was coupled to protein A-Sepharose beads at 4°C. After 1 hr, beads were washed in ELB buffer and boiled in Laemmli buffer. Samples were separated on a 10% SDS/polyacrylamide gel and transferred to nitrocellulose. After blocking with PBS containing 5% milk and 0.1% Tween 20, proteins were detected with monoclonal antibodies directed against cyclin D1 (DCS-6, Neomarkers) and peroxidase-conjugated goat anti-mouse IgG. The blots were washed in PBS containing 0.1% Tween 20 and developed by enhanced chemiluminescence (ECL) reactions (Amersham).
DNA-binding assay
For the DNA-binding assay, we used DNA affinity beads coated with streptavidin (Dynal A/S) and (5Ј-biotin-labeled) DNA oligonucleotides containing a binding sequence for ER as described before (Zwijsen et al. 1997) . The complementary DNA strands were annealed in TE buffer containing 100 mM KCl at 75°C for 10 min followed by cooling to room temperature over a period of 2 hr. Dynabeads were mixed with biotinylated oligonucleotides in TE buffer containing 1 M NaCl for 15 min, washed and incubated with cell extract in 8 mM Tris-phosphate at pH 7.4, 0.12 KCl, 8% glycerol, 4 mM DTT, and 0.5% CHAPS for 1 hr at 4°C. Subsequently, beads were washed in 20 mM HEPES at pH 7.7, 50 mM KCl, 20% glycerol, and 0.1% NP-40. The beads were boiled in Laemmli buffer and the proteins were separated on 10% polyacrylamide gels and identified by Western blotting.
GST pull-down and peptide competition assay
GST protein, GST-SRC1 fusion protein, and His-tagged cyclin D1 protein were purified as described previously (Zwijsen et al. 1997) . Binding between 500 ng GST-SRC1 and 100 ng His-D1 was performed in binding buffer (50 mM NaCl, 50 mM HEPES-KOH at pH 7.6, 0.1 mM 0.1% (wt/vol) NP-40, 0.1 mM PMSF, 0.5% charcoal-stripped serum) bound to glutathione-Sepharose for 1 hr at 4°C. The beads were washed three times and bound proteins were eluted by boiling for 10 min in sample buffer and separated on 10% SDS-polyacrylamide gels. The binding of His-cyclin D1 to GST-SRC1 was detected by Western blot analysis using monoclonal antibodies directed against cyclin D1 (DCS-6, Neomarkers). For testing a ternary complex, a baculovirus-produced ER (750 ng, Pan Vera) was added to GST-SRC1 (500 ng) and His-D1 (100 ng) in the presence or absence of 1 µM 17␤-estradiol using similar conditions as described above. In Western blot analysis, monoclonal antibodies directed against cyclin D1 (DCS-6, Neomarkers) and ER (LH2, Novocastra) were used.
For the peptide inhibition assay, 150 ng GST/GST-SRC1 and 50 ng of His-tagged cyclin D1 were used. Peptides were preincubated with target protein for 40 min at room temperature, before addition of the bait. A mixture of GST fusion peptides, His-tagged cyclin D1, and peptides was incubated for an additional 20 min at room temperature. The amounts of peptide added in competition studies were 0.3 and 3 µg (Fig. 5B) or 0.1, 0.2, 0.4, and 0.8 µg (Fig. 5C ).
